We combined molecular dynamics based free energy calculations with sum frequency generation (SFG) spectroscopy to study the orientational distribution of solvated peptides near hydrophobic surfaces. Using a simplified atomistic model of the polystyrene (PS) surface, molecular dynamics simulations have been applied to compute the orientational probability of an R-helical peptide, magainin 2, with respect to the PS/water interface. Free energy calculations revealed that the preferred (horizontal) peptide orientation was driven by the favorable interactions between the hydrophobic PS surface and the hydrophobic residues on the helix, and additional simulations examined the importance of small aggregate formation. Concentration-dependent measurements obtained via SFG vibrational spectroscopy suggest that, at very low peptide concentrations, magainin molecules tend to lie down at the PS/solution interface, which correlates well with the simulation results. When the concentration is increased, peptides exhibit behavior not captured by MD simulations using single helical peptides. A combination of simulations and experiments was shown to yield more reliable results with molecular-level insights into interaction between peptides and polymer surfaces.
Introduction
The interaction of proteins with polymer surfaces is a central component of many important biological and material systems. For example, the forces that drive adsorption and the resultant conformational changes of the protein on polymer surfaces are being increasingly studied with regard to questions such as biocompatibility, 1 biofouling, 2 and the development of biosensors based on immobilized enzymes.
3,4 Protein-surface interactions have been studied with many analytical methods, including nuclear magnetic resonance (NMR), 5 attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), 6 and circular dichroism (CD), 7 but it is difficult for each of these methods individually to provide a complete picture of protein structure at interfaces.
Recently, surface-sensitive sum frequency generation vibrational spectroscopy (SFG) has been applied to the study of proteins and peptides at interfaces in situ. Early results demonstrated the superb interfacial sensitivity of SFG; however, the interpretation of vibrational spectra in terms of molecular structure or orientation generally requires assumptions about the native crystal structure of the protein. These methods are not able to provide atomically detailed structures or to assess orientation in the event of significant changes in structure. Furthermore, in the case of larger proteins, knowing the orientation of individual secondary structural elements may not be sufficient to describe how the protein/peptide interacts with the surface ; for that, additional information is needed.
Molecular dynamics simulation is one such method for studying the structures of molecules at a surface in atomic detail. Increasing computing power and progress in simulation algorithms have made it possible to study large systems involving interfacial proteins. Although these simulations are still limited to short (submicrosecond) time scales, they provide a valuable tool for probing experimentally suggested configurations in greater detail. To date, a variety of model systems have been used to study *Corresponding authors. andricio@uci.edu or zhanc@umich.edu. the interaction of proteins with cell membranes, 40,41 self-assembled monolayers, 42 and metal 43 or other 1,29,44-50 model surfaces, with and without water molecules modeled explicitly. Longer effective time scales can be studied by taking advantage of coarse-grained approaches, such as stochastic dynamics of alternating hydrophobic/polar beads. Although this allows enhanced sampling of the reduced configurational space, these methods may ignore fine structural details or oversimplify the interactions in the system. [51] [52] [53] [54] [55] The net result is a common trade-off: the simulations are either limited to very short time scales and difficult system setup (due to the large system size involved with the fullest level of detail) or run faster while neglecting potentially important aspects of adsorption. The model used in the simulations presented here (as described in Materials and Methods) uses a simplified polymer surface representation to ease system setup, while still enabling the use of atomistic detail.
Furthermore, we examine the validity of these simulations by comparing our molecular dynamics results to experimental measurements obtained using SFG vibrational spectroscopy. In this paper, we report simulations and experiments that focus on the magainin 2 peptide at the hydrophobic PS surface. We will apply SFG to experimentally study molecular interactions between the R-helix (a common secondary structure in proteins) and a PS surface; these experimental results will be compared to predictions obtained from MD simulations. Here, magainin 2 serves as a model R-helix and PS as a model polymer surface. This simplified model system allows for more detailed simulation studies (such as free energy calculations) that would not be feasible for the case of magainin in model lipid bilayers. Polymer-protein interactions are also of interest in a range of biomedical and antifouling applications; hence, such a model study will also provide a basis for future studies on interactions between more complicated proteins and polymers. Magainin 2 (PDB ID 2mag, sequence GIGKFLHSAKKFGKAFVGEIMNS) is a 23-residue, facially amphiphilic peptide; as a result, it should be helical at hydrophobic/hydrophilic interfaces. This segregated structure is critical to the function of the peptide as a selective antimicrobial agent (Figure 1 ).
Materials and Methods
SFG Measurements. SFG theory and data analysis have been extensively published before, and the details will not be repeated here.
9,12,15,56-59 Two picosecond frequency scanning SFG spectrometers are available in our lab, the details of which were presented previously. 60 SFG studies on interfacial peptides and proteins have previously been performed for a variety of systems in our group.
8-13,15-22,59,61-65 We will briefly review some details of the experiments carried out in this research here.
A PS thin film was prepared by spin-coating at 2500 rpm from a 2 wt % solution of PS (or deuterated PS) in toluene on an IRgrade CaF 2 prism. The prism was first precleaned via soaking overnight in solutions of toluene and Contrex (Decon Laboratories, King of Prussia, PA), followed by 20 min in methanol and plasma treatment to remove any remaining contamination; no signals were observed from the cleaned CaF 2 substrates prior to deposition of the polymer film.
Prior to collection of peptide signals, the polymer surface was contacted with Millipore water for 15 min and allowed to equilibrate while the laser shutters were blocked. Following this time, spectra were collected from the polymer surface in both the amide I and C-H stretching frequency regions; for deuterated PS samples, additional spectra were also collected as needed in the C-D stretching region. A "near" total reflection geometry was used.
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Stock solutions of magainin 2 (Genscript Inc.) were prepared by dissolving 1 mg of peptide in 1 mL of Millipore water. Sufficient amounts of this stock solution were added to the water already in contact with the polymer surface to produce final peptide concentrations of approximately 200, 400, and 800 nM. In each case, the polymer-peptide system was allowed to equilibrate for 20 min, after which SFG spectra were collected in the ssp and ppp polarization combinations across multiple spectral ranges. The resulting spectra remained stable over time, suggesting that sufficient time had elapsed for peptides to diffuse and organize at the polymer/peptide solution interface.
Molecular Dynamics Simulations. Model Polystyrene Surface. Polymer surface simulations are limited in part by system size, i.e., by the number of atoms required to adequately represent the solvent, surface, and peptide. Thus, although some work has been done on atomistic-detail simulations of PS, 53 ,66,67 the relatively long equilibration times in the presence of explicit solvent (10-20 ns) required are nontrivial, and this complicates setup of any studies involving peptide adsorption. 49 One common strategy employed to overcome this limitation is to make use of a simplified surface model (such as graphite 48 or SiO 2 29 ); however, these models are unable to directly capture variations in surface topography that may have important consequences for hydration or protein orientation. Likewise, the use of uniform implicit solvent models, though common, may fail to capture interfacial phenomena or small changes in peptide orientation due to dewetting behavior. 68 As a compromise solution, we employed a simplified representation of the polymer surface that allowed for smaller system sizes than the use of full polymer chains, thus facilitating the use of explicit solvent and incorporation of certain aspects of the polymer surface (such as local reorganization of surface groups or the ability to vary surface roughness) not captured by more abstract, rigid model surfaces. This simplified but still atomistic-level representation employed an array of individual ethylbenzene monomers to represent units of the PS backbone, with unit spacings adjusted to reproduce some basic experimentally measured properties of the system (such as a bulk density of 1.05 g/mL and the known preferred orientation of surface aromatic rings in water).
69
To model the PS surface, an array of individual ethylbenzene molecules was used to represent the styrene monomer, with monomers arranged in a grid to form the surface. Adjacent points in this grid were offset by 1/2 the length of an individual monomer, with residue spacing adjusted to reproduce the bulk density. Several layers of the surface were replicated to form a bulk region, as steric effects from the presence of the bulk were necessary to preserve surface group orientation and to prevent unrealistic penetration of explicit water molecules below the surface. A single R-carbon in each monomer of the surface and bulk was constrained with a harmonic potential of 1 kcal/mol/Å 2 to mimic the presence of a backbone and to prevent the monomers from moving unreasonably relative to each other.
Although we make the approximation that the PS surface is quite flat, model systems that introduce elements of roughness may be created in a straightforward manner.
Solvation. Explicit solvent was added using approximately 4300 molecules of TIP3P water above the surface, 70 creating a sphere of radius ∼36 Å suitable for fully solvating the peptides studied. No ions were included in this system.
The system was then modeled as a "droplet in a vacuum", 71, 72 using a spherical quartic boundary potential to constrain the solvent inside the 36 Å radius. 40 This system consists of half water molecules and half surface/bulk residues (modeled by the ethylbenzene residues), as shown in Figure 2 . For this droplet model, fewer solvent molecules were required than would be the case for periodic boundary conditions, due to simple geometric considerations; the resulting improvement in computational performance was sufficient to enable more detailed simulations and free energy sampling even with modest computational resources. Overall, 10-30% fewer atoms were required for this spherical model as compared to a comparable simulation employing periodic boundary conditions (depending on the box size used).
Equilibration and Dynamics. The model solvent/surface system was built and equilibrated using version c34b2 of the CHARMM molecular dynamics package 73 with the CHARMM22 all-atom force field for proteins. Heating and early equilibration of the surface system were performed for 400 ps using the leapfrog Verlet algorithm, rescaling velocities on a 1 ps time scale to a final temperature of 298 K. The resulting initial coordinates for the solvent and surface were used in all peptide adsorption simulations described.
Following heating of the solvent/surface system, the peptide was placed at the interface, and overlapping waters were deleted. Peptide coordinates were obtained from the Protein Databank (PDB), and the exact position of the peptide was varied depending on the simulation conditions chosen. Peptide coordinates were held fixed as an additional 500 ps of equilibration was then performed for the solvent and surface in the presence of peptide.
For production runs, dynamics were performed using a Nos eHoover thermostat at 298 K with the velocity Verlet algorithm; the exact length of the simulation varied (as described below). The SHAKE algorithm was used to constrain all bonds involving hydrogen atoms, with a 2 fs time step.
Free Energy Calculations. The free energy of magainin as a function of the angular orientation of the helical axis was studied using umbrella sampling 75 and the weighted histogram analysis method (WHAM). 76 Briefly, the peptide was placed at a defined orientation relative to the surface, and the angle between the backbone vector and the surface normal was restrained using a biasing harmonic potential. Here, the backbone vector was defined in terms of two centers of mass for groups of backbone atoms. In order to prevent this constraint from causing artificial deformation of the structure, the backbone dihedral angles of helical residues 4-19 were held constrained.
Simulations were divided into 5°increments for sampling purposes (with an additional window at tilt = 72°). Each window was sampled for 3 ns of dynamics, with force constants ranging from 400 kcal/mol/rad 2 to 1500 kcal/mol/rad 2 (with the highest force constants required for orientation angles 70-80°; for other angles, force constants of 400-600 kcal/mol/rad 2 were sufficient). Data were then unbiased using the WHAM [76] [77] [78] as implemented by Grossfield (http://membrane.urmc.rochester.edu/Software/ WHAM/WHAM.html) in order to create a plot of free energy as a function of helix orientation angle. For these simulations, an angle of 0°corresponds to the helix standing up with the N-terminal end of the peptide closest to the surface.
Results and Discussion
A series of exploratory molecular dynamics simulations were performed, in which magainin 2 was placed at a variety of orientations relative to the surface (perpendicular or parallel, and hydrophobic residues facing toward or away from the surface as the peptide laid parallel to the surface). In all cases, the peptide adopted the same final orientation within 10 ns, parallel to the surface with hydrophobic residues facing away from the solvent to maximize burial of hydrophobic surface area (Figure 3) . During the length of the simulation, the helix backbone radius of gyration and end-to-end distance remained consistent, suggesting that secondary structure remained intact; if unfolding does occur, it is likely to occur on substantially longer time scales. 79 Despite this apparent orientation preference, the limited time scales accessible to molecular dynamics simulations prevented a clear conclusion as to whether this was the overall most stable state. Furthermore, experimental studies on other peptides have demonstrated that orientation is more realistically modeled using some nonuniform distribution function; this distribution may be better understood given an estimate of the free energy difference between various orientations.
To that end, free energy sampling was performed as described above. Constraints were varied in order to provide sufficient sampling across all windows, and a free energy profile was calculated (Figure 4) . The drop in free energy at high tilt angles is partially due to the extra overall rotational entropy in the azimuthal direction; this arises from changes in the volume elements sampled due to variations in solid angle. Lee and Im have derived 80,81 an analytical formula for the contribution of this rotational entropy to free energy: in the case of free rotation in the azimuthal direction, this is equal to -kT ln |sin θ| . In our simulations, the actual variation in azimuthal angle is not completely free for high tilt angles, so the change in rotational entropy is smaller; the curves shown in Figure 4 represent both the original free energy profile (which inherently includes a limited amount of azimuthal angle variation) and the free energy curve calculated by adding the entropy due to completely random azimuthal rotation. The actual curve should thus lie in between these two. Unlike the case of the transmembrane peptide studied by Lee and Im, in this case the contribution of rotational entropy has a relatively minor effect on the preferred orientation. The calculated free energy profile revealed that the preference for a horizontal peptide orientation dominates at room temperature, and that the slope (and magnitude) of the free energy change correlates reasonably well with estimates of the free energy change due to burial of hydrophobic surface area. [82] [83] [84] Indeed, this horizontal orientation was only adopted when hydrophobic residues were oriented toward the surface, further suggesting that (as expected) peptide orientation is driven by burial of hydrophobic residues for this facially amphiphilic structure ( Figure 5 ). In order to determine whether our model captured important aspects of adsorption, the interface was probed experimentally using SFG spectroscopy. Spectra were collected from the PS/ magainin solution interface for a range of magainin concentrations (Figure 6 ). At the lowest magainin concentration range, a clear reduction in interfacial water signal was observed, indicating that peptides adsorbed to the interface. For a fairly smooth polymer surface, simulation results suggest that water molecules may orient preferentially due to hydrophobic considerations; 85 it is also possible that this water signal is induced by trace amounts of chemical impurities in the polymer (such as excess initiator) that impart a slight negative charge to the polymer surface. 86 Regardless, the adsorption of magainin peptides to the surface results in a net disordering of water molecules and a drop in observed water signals. This reduction in water O-H stretching signals serves as an indication that peptides are adsorbing to the surface, despite the lack of observable peptide amide I or C-H stretching signals at the lowest peptide concentration. In this case, we believe that any SFG signals generated from the interfacial peptides are below the detection limit. As the magainin concentration was increased to 400 nM, weak SFG amide I signals were observable in the ppp polarization combination, but no amide I signals were observable from the ssp polarization combination. The SFG signal intensity in the ppp polarization was several times stronger than the detection limit. Although a single ppp measurement is insufficient to characterize molecular orientation, the lack of detectable ssp signal indicates that it must be at a minimum 3-4 times weaker than the ppp signals; based on our previously published methods for SFG orientation analysis for interfacial R-helical structures, 15 such a minimum ratio would only be observed if the peptides were oriented at a large angle relative to the surface normal (and thus, mostly lying down). In the 400 nM concentration range, weak SFG C-H stretching signals from magainin side chains were also observed, which originate from hydrophobic residues becoming ordered at the PS/solution interface.
18,29
As peptide concentration was increased to 800 nM, these C-H stretching signals became stronger; by itself, this has previously -1 collected from the deuterated PS/water interfaces; peptide was added at t = 100 s to reach a concentration of 200 nM. The laser was blocked at t = 70 s to demonstrate that signal was present. Polarized SFG spectra collected in the C-H/O-H stretching frequency region from magainin 2 at concentrations of (e) 400 nM and (f) 800 nM.
been interpreted as evidence of either increased peptide number density or increased side chain ordering toward the surface. 28 However, although some general ordering can be inferred from the presence of CH signals, detailed analysis and assignment is hampered by significant spectral overlap between different amino acids. For example, the CH 2 signals observed at ∼2920 cm -1 could be contributed by any of 11 amino acids (7 types) present in magainin (out of 23 amino acids total). By contrast, the amide I region probes signals from the protein backbone, which are more indicative of overall molecular orientation. Indeed, at the 800 nM concentration, polarized Amide I measurements reveal a new behavior: unlike the amide I intensity ratios at lower concentrations, ppp and ssp signal intensities are very similar (fitted signal strength ratio ∼0.94), and can be fitted by a single peak centered at ∼1645 cm -1 (with stronger signals than were observed at lower concentrations). Due to limitations in spectral resolution, secondary structure could not be definitively assigned, but the change in intensity ratio as compared to lower concentrations can be interpreted as evidence of a change in peptide orientation or structure at the interface ; showing that the interfacial behavior of magainin molecules changes as a function of peptide concentration. Furthermore, the fitted signal strength ratio (corrected for variations in Fresnel coefficient) lies outside the ratios that could be explained by any single delta or Gaussian distribution of orientations; it has previously been shown that the correct ratios can, however, be produced if multiple orientations are adopted. 9 We believe that the dependence of peptide interfacial orientation on concentration is due to peptide-peptide intermolecular interactions. When the peptide concentration increases, peptides may interact with each other in addition to interacting with the surface; these interactions may mediate the interfacial peptide orientation, and thus, single-peptide simulations may not adequately represent the real experimentally observed system. We hope that MD simulations can also provide some insights into the effect of peptide-peptide interactions, e.g., peptide aggregation, on peptide interfacial orientation.
Predicting the most stable structure of multipeptide aggregates in the presence of a surface is a nontrivial task, but as a first approximation, we employed the known structure of an existing covalently bound magainin 2 dimer (PDB ID: 1dum). 87 This structure was modified to remove the covalent bond, and the resulting noncovalently interacting dimer was placed in contact with the surface. On the basis of our previous simulations and the observation that hydrophobic interactions were responsible for peptide adsorption, the dimer was oriented so as to maximize these hydrophobic interactions with the surface, and we monitored the evolution of the structure over the course of 7 ns of simulation. It was found that the dimer remained intact during this time but flattened out (Figure 7) . The final orientations of the individual peptides in this system were observed to be approximately 100°in each case; this slight tilt allowed peptides to interact with each other as well as with the surface, but alone, this simple dimer is not consistent with the SFG amide I intensity ratios observed. Thus, it is likely that the actual peptide at the surface adopts a more complex structure. It is interesting to note that the concentration at which oligomers are observed to form in these experiments is well below the minimum inhibitory concentration (MIC) at which magainin is effective at breaking down lipid bilayers and is in line with the concentration in which peptides are observed to insert into the bilayer; 65, 88 it is believed that peptide oligomers play a role in these phenomena. 87, 88 Given our experimental results, it is likely that the form in which peptides are present at the interface likely involves some type of oligomer; these oligomers must be understood to optimize the performance of biosensors, antimicrobial surfaces, or other applications that rely on interfacial peptides.
Conclusions
Few experimental techniques are able to provide direct information on molecular orientation of proteins and peptides at solid/ liquid interfaces, because of limitations in signal sensitivity, surface specificity, or in situ capability. In order to better understand the structures of adsorbed proteins and peptides, many groups have employed molecular dynamics simulations to characterize molecular structure or preferred orientation at the interface. In our experiments, we demonstrate that burial of hydrophobic surface residues strongly drives the facially amphiphilic AMP magainin 2 to lie down parallel to the surface at a hydrophobic/hydrophilic interface, and that orientation may be modulated somewhat by the formation of multipeptide dimers.
When these results are compared to concentration-dependent SFG spectra, it becomes clear that, at low peptide concentration, SFG results can be correlated to MD simulation results on a single helical peptide at the interface. When the peptide concentration increases, a single helical orientation is insufficient to explain the observed SFG spectral intensity ratios. Thus, we postulate that interpeptide interactions must be significant. However, previous simulation work by a wide variety of groups has focused on single-peptide simulations. We believe that greater attention to interpeptide interactions will reveal a new layer of complexity that is necessary to describe how even relatively simple peptides interact with the polymer surface. 
